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We have developed a fully coupled-channel complex scaling method (ccCSM) for the study of the
most essential kaonic nucleus, “K−pp, ” which is a resonant state of a K¯NN-piΣN-piΛN coupled-
channel system based on a theoretical viewpoint. By employing the ccCSM and imposing the
correct boundary condition of resonance, the coupled-channel problem is completely solved using a
phenomenological energy-independent potential. As a result of the ccCSM calculation of “K−pp, ”
in which all three channels are treated explicitly, we have obtained three-body resonance as a Gamow
state. The resonance pole indicates that the binding energy of “K−pp” and the half value of its
mesonic decay width are 51 MeV and 16 MeV, respectively. In the analysis of the resonant wave
function obtained using the ccCSM, we clarify the spatial configuration and channel compositions
of “K−pp.” Compared with past studies of single-channel calculations based on effective K¯N po-
tentials, the current study provides a guideline for the determination of the K¯N energy to be used
in effective potentials.
PACS numbers: 24.10.Eq, 14.20.Gk, 31.15.ac, 13.75.Jz, 21.85.+d
Introduction: Kaonic nuclei (nuclear systems with an-
tikaons) are one of the important topics in hadron and
strange nuclear physics because they exhibit several in-
teresting properties that have never been observed in or-
dinary nuclei. The K¯N potential is considerably attrac-
tive, particularly in the isospin I = 0 channel. It forms
a quasi-bound state that corresponds to an excited hy-
peron, Λ(1405) [1]. Early studies on phenomenological
K¯N potential showed that light kaonic nuclei shrink sig-
nificantly to form dense states, and a few of them exhibit
interesting structures because of strong K¯N attraction
[2, 3]. Therefore, kaonic nuclei are expected to be a door-
way to dense matter, in which the partial restoration of
chiral symmetry may occur [4, 5].
To describe the nature of kaonic nuclei in detail, con-
siderable effort has been made toward the study of the
most essential kaonic nucleus, K−pp, in theoretical and
experimental aspects. In the theoretical aspect, as K−pp
is a three-body system, it has been investigated using
various approaches. Typically, the variational approach
or Faddeev-AGS approach have been applied using phe-
nomenological K¯N potentials or chiral SU(3)-based K¯N
potentials. As stated in Ref. [6], all theoretical stud-
ies show that K−pp can be bound and its binding en-
ergy should be less than 100 MeV. However, the binding
energy of K−pp depends strongly on the type of K¯N
potential used in calculation: When energy-independent
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phenomenological K¯N potentials are employed, K−pp is
a relatively deeply-bound state [7, 8]. On the contrary, it
is a shallowly-bound state when energy-dependent chiral
SU(3)-based potentials are employed [9–11]. In the ex-
perimental aspect, interesting results have been reported
through the observation of a few signals, even though
the signals have not yet been established as the K−pp
bound state [12–14]. It should be noted that J-PARC
E15 group is now finalizing the analysis of the data ac-
quired in their second run: an exclusive measurement
of the 3He(K−, Λp)nmissing reaction with high statistics
[15]. It is expected that the new result will provide a
conclusive answer for the existence of the K−pp bound
state through experimental observation.
We have investigated K−pp using a coupled-channel
complex scaling method (ccCSM). According to the
abovementioned theoretical studies, K−pp should exist
as a resonant state, and not as purely a bound state, be-
tween the piΣN and K¯NN thresholds because its bind-
ing energy is less than 100 MeV. In addition, K−pp is
expected to be a coupled-channel system of the K¯NN ,
piΣN , and piΛN channels. This is similar to Λ(1405),
which is reasonably understood as a K¯N -piΣ coupled-
channel system. Therefore, we consider that the treat-
ments of the resonance and coupled-channel problems are
the key factors in the theoretical study of K−pp. The
ccCSM can handle both factors simultaneously because
it is based on the complex scaling method (CSM), which
has been applied successfully in multiple studies of the
resonances of ordinary nuclei, particularly those of un-
stable nuclei [16].
2In a previous study, we have studied K−pp using
a method based on the ccCSM, referred to as the
ccCSM+Feshbach method [17]. In this method, the
coupled-channel problem of K−pp is reduced to a single-
channel problem of K¯NN through the Feshbach projec-
tion, which is well realized on the CSM. Therefore, the
advantage of the ccCSM+Feshbach method is that it re-
duces the computational cost. However, the dynamics of
eliminated channels are lost in calculation, and it is im-
possible to obtain information about these channels from
solutions. In other words, the nature of K−pp cannot be
determined completely. To develop a complete under-
standing of K−pp, we have attempted to use the fully
ccCSM calculation, in which all channels are treated ex-
plicitly. In this method, we can directly obtain a resonant
wave function so that the information about every chan-
nel is investigated explicitly.
Formalism: In this article, similarly to most earlier
works, we consider the K−pp system as a K¯NN -piΣN -
piΛN coupled-channel system with the following quan-
tum numbers: total spin parity Jpi = 0−, total isospin
T = 1/2, and Tz = 1/2. Hereafter, such a K
−pp state
is symbolically denoted as “K−pp” (K−pp with double
quotation marks). For the fully coupled-channel calcula-
tion, the “K−pp” wave function is expanded in terms of
a basis as follows:
|“K−pp”〉 =
8∑
ch=1
N∑
n=1
C(ch)n F
(ch)
n (x1,x2)
∣∣SB1B2(ch) = 0
〉 ∣∣∣T = 1/2, Tz = 1/2; Isospin-Flavor(ch)
〉
. (1)
Basically, the structure of the wave function is the same
as that used in the ccCSM+Feshbach calculation, in
which only the K¯NN channel was directly considered.
(See Eqs. (11) and (12) in Ref. [17].) In the current study,
the piΣN , piΛN and the K¯NN channels are treated ex-
plicitly. The 8 channels that can be coupled with the
“K−pp” are listed in Table I. Channels ch = 1 and
2 are the K¯NN channels, which are the same as those
used in our previous study. Newly added channels, i.e.,
ch = 3, 4, 5, 6 and ch = 7, 8 are the piΣN and piΛN chan-
nels, respectively.
The coefficients, {C
(ch)
n }, are parameters to be de-
termined by the diagonalization of the complex-scaled
Hamiltonian matrix. Suffix n is for the basis functions
that expand the spatial part of the “K−pp” wave func-
tion, and it increases up to N in each channel. The spa-
tial basis function, F
(ch)
n (x1,x2), is composed of a cor-
related Gaussian function, G
(ch)
n (x1,x2). It is projected
onto a parity eigenstate for the baryon-baryon system in
each channel as G
(ch)
n (x1,x2)±G
(ch)
n (−x1,x2). Here, Ja-
cobi coordinates x1 and x2 are defined as x1 = rB2−rB1
and x2 = rM −RB1,B2. In other words, x1 and x2 cor-
respond to the relative coordinate between two baryons
(B1 and B2) and that between the meson (M) and cen-
ter of mass of the baryons, respectively. For more de-
tails on the spatial part of the wave function, readers
can refer to our previous paper [17]. The total spin of
the baryons, SB1B2(ch), is fixed at zero in all channels.
The total isospin and its projection are assumed to be
T = 1/2 and Tz = 1/2, respectively, and its structure is
given in the last column of Table I. Here, it should be
noted that in the piΣN and piΛN channels, the isospin
part of the wave function must be symmetrized or anti-
symmetrized for baryon labels (referred to as flavors) to
satisfy the generalized Pauli principle.
Hamiltonian Hˆ is composed of a mass term, Mˆ , a ki-
netic energy term, Tˆ , nucleon-nucleon (NN) potential,
VˆNN , and a meson-baryon potential, Vˆ
MB
αβ , for channels
α and β, as follows:
Hˆ = Mˆ + Tˆ + VˆNN +
∑
i=1,2
∑
α,β=K¯N,piΣ,piΛ
VˆMBαβ (M,Bi).
(2)
The kinetic energy term, Tˆ , is constructed for the Ja-
cobi coordinates (x1,x2) in each channel, which is similar
to our previous study [17]. The Argonne v18 potential
[18] is employed as the NN potential. A phenomenolog-
ical K¯N potential (referred to as the AY potential [2])
is employed as the K¯N potential in the meson-baryon
potential. The AY potential is constructed for a K¯N -piY
coupled-channel space, and it is given in r-space local
form with a Gaussian shape. Its parameters are con-
strained with low-energy K¯N scattering data and the
pole position of Λ(1405). (Details are explained in Ref.
[2].) Note that the channel coupling of the AY poten-
tial is explicitly included in the Hamiltonian in Eq. (2).
In the present study, the Y N and piN potentials are ne-
glected because their contribution to the “K−pp” energy
is considered to be minor compared to that of the NN
and K¯N potentials.
We apply the CSM to obtain resonances directly using
the wave function defined in Eq. (1) [16]. In the CSM,
all coordinates included in Hamiltonian Hˆ are complex-
scaled as xi → xieiθ with a common scaling angle, θ.
By diagonalizing complex-scaled Hamiltonian Hˆθ using
the basis functions given in Eq. (1), all eigenstates are
obtained in discretized form. Among these states, the
resonance states of “K−pp” are associated with complex-
energy eigenvalues, which are independent of scaling an-
gle θ. For such complex-energy eigenvalues, each vector
of complex coefficients {C
(ch)
n } represents the correspond-
ing resonance state.
We comment on the symmetry for the exchange of two
3TABLE I. Each channel of the “K−pp” wave function. “Spatial function F
(ch)
n (x1,x2),” “Spin SB1B2(ch),” and “Isospin-
Flavor(ch)” correspond to those given in Eq. (1). Function G
(ch)
n (x1,x2) is a correlated Gaussian function. Symbols {Y N}Sym.
and {Y N}Asym. (Y = Λ,Σ) in the last column indicate that the flavor labels of Y N are symmetrized and antisymmetrized,
respectively.
Channel (ch) Spatial function F
(ch)
n (x1,x2)×
√
2 Spin SB1B2(ch) Isospin-Flavor(ch)
1 G
(1)
n (x1,x2) +G
(1)
n (−x1,x2) SNN = 0 [K¯[NN ]1](1/2,1/2)
2 G
(2)
n (x1,x2)−G(2)n (−x1,x2) SNN = 0 [K¯[NN ]0](1/2,1/2)
3 G
(3)
n (x1,x2) +G
(3)
n (−x1,x2) SΣN = 0 [[piΣ]0N ](1/2,1/2), {ΣN}Sym.
4 G
(4)
n (x1,x2)−G(4)n (−x1,x2) SΣN = 0 [[piΣ]0N ](1/2,1/2), {ΣN}Asym.
5 G
(5)
n (x1,x2) +G
(5)
n (−x1,x2) SΣN = 0 [[piΣ]1N ](1/2,1/2), {ΣN}Sym.
6 G
(6)
n (x1,x2)−G(6)n (−x1,x2) SΣN = 0 [[piΣ]1N ](1/2,1/2), {ΣN}Asym.
7 G
(7)
n (x1,x2) +G
(7)
n (−x1,x2) SΛN = 0 [[piΛ]1N ](1/2,1/2), {ΛN}Sym.
8 G
(8)
n (x1,x2)−G(8)n (−x1,x2) SΛN = 0 [[piΛ]1N ](1/2,1/2), {ΛN}Asym.
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FIG. 1. (Color online) Distribution of the complex-energy
eigenvalues obtained for the “K−pp” system. The horizontal
axis shows the real energy measured from the piΛN threshold,
and the vertical axis shows imaginary energy. All values of en-
ergy are given in MeV. The eigenvalues marked with red and
blue colored circles correspond to the “K−pp” and Λ(1405)
poles, respectively. Note that the thresholds of piΛN , piΣN ,
and K¯NN are located at 0 MeV, 77 MeV, and 181 MeV on
the horizontal axis, respectively.
baryons in “K−pp.” As shown in the last term of Eq. (2),
the meson-baryon potential is common for baryons B1
and B2 in all channels. In other words, the Hamiltonian
is symmetric under the exchange of two baryons. On the
other hand, the “K−pp” wave function given as Eq. (1) is
antisymmetric for the baryon exchange in every channel,
as explained above. Therefore, as mentioned in an early
study on Faddeev calculation involving different kinds
of baryons [19], the wave function is antisymmetric for
baryon exchange, whereas the Hamiltonian is symmetric.
Result and discussion: Fig. 1 shows distribution of the
eigenvalues on the complex energy plane, obtained in the
present ccCSM calculation by diagonalizing the complex-
scaled Hamiltonian matrix. Here, scaling angle θ is set
to be 30 degrees. We consider 20 Gaussian basis func-
tions for individual Jacobi coordinates in each channel,
and the total number of basis functions is 6400, in which
all sets of Jacobi coordinates are considered. In the fig-
ure, the origin corresponds to the piΛN threshold. Here-
after, to represent the complex energy of poles, we use
“−BK−pp,” which denotes the real energy measured from
the K¯NN threshold, and “−ΓpiYN/2,” which denotes the
imaginary energy and corresponds to the half value of
mesonic decay width with a minus sign. In the CSM, the
eigenvalues of continuum states appear along a 2θ line,
whose slope angle (−2θ) depends on scaling angle θ [16].
In Fig. 1, we clearly obtain the piΛN , piΣN , and K¯NN
three-body continuum states along three 2θ lines starting
from the individual energy thresholds. In addition, there
is a group of eigenvalues along a line starting from a com-
plex eigenvalue of (−BK−pp,−ΓpiYN/2) = (−28,−20)
MeV (blue dashed line in Fig. 1). The complex energy
at the starting point of this line (marked with a blue
circle) coincides with the pole position of Λ(1405) calcu-
lated using the AY potential [2]. Therefore, this group of
the eigenvalues represent the Λ(1405)-N quasi two-body
continuum state. Finally, we determine an eigenvalue
that exists in addition to all lines mentioned above. This
eigenvalue corresponds to the three-body resonance pole
of the “K−pp” system. Based on this result, the bind-
ing energy and half decay width of the “K−pp” resonant
state are determined to be
BK−pp = 51MeV and ΓpiY N/2 = 16MeV, (3)
respectively, when the Argonne v18 NN potential and
AY K¯N potential are employed. We have confirmed that
the pole positions of the “K−pp” system and Λ(1405) are
considerably stable when scaling angle θ and the parame-
ters of the spatial part of basis functions {G
(ch)
n (x1,x2)}
change. It is noted that the eigenstates shown in
Fig. 1 construct the completeness relation consisting of
the three-body resonance and the two- and three-body
continuum-states of each channel including Λ(1405) [16].
This completeness relation is a unique characteristic of
the ccCSM, and it is useful for applying the present wave
4TABLE II. Properties of the K−pp resonant state. The
left column shows the norm of each component in K−pp;
“N (K¯NN)” denotes the norm of the K¯NN component, and
so on. The right column shows the mean distance between
particles in K¯NN channel. “RNN” and “RK¯N(I=0,1)” are
the NN and isospin-decomposed K¯N distances, respectively.
N (K¯NN) 1.004 − i0.286 RNN 1.86 + i0.14 [fm]
N (piΣN) −0.002 + i0.276 RK¯N(I=0) 1.40− i0.01 [fm]
N (piΛN) −0.002 + i0.010 RK¯N(I=1) 1.95 + i0.14 [fm]
function to spectrum calculation [16].
Table II shows the properties of the K−pp resonant
state, which are determined using the ccCSM wave func-
tion. The norm of each component is given in the left
column. Although the quantities for resonant states are
obtained to be complex values in the CSM, the magni-
tude of each norm indicates that the K¯NN component
is apparently dominant and that the piΣN component
is significantly involved in the K−pp resonance. This is
attributed to the nature of the AY potential, in which
the K¯N -piΣ coupling potential is considerably strong,
particularly in the I = 0 channel [2]. A similar value
of the piΣ component is observed in Λ(1405), which is
an I = 0 K¯N -piΣ coupled-channel system, for which
N (K¯N) = 1.118− i0.107 and N (piΣ) = −0.118+ i0.107.
The mean NN and K¯N distances in the K−pp system
are shown in the right column. The NN distance is cal-
culated to be 1.86 fm. In nuclear matter with normal
density (ρ0 = 0.16 fm
−3), the mean distance between
two nucleons is estimated to be 2.2 fm. This implies that
the NN distance in “K−pp” decreases by 15% compared
with that in normal nuclear matter. Therefore, theK−pp
system calculated using the AY potential could be a piece
of dense matter [7]. (The density is estimated to be 1.7ρ0
using the NN distance.) The K¯N mean distance for the
I = 0 component is apparently smaller than that for the
I = 1 component because the K¯N potential is consider-
ably more attractive in the I = 0 channel than it is in the
I = 1 channel. In addition, the I = 0 K¯N distance in
the K−pp system is close to that in Λ(1405). (The K¯N
distance in Λ(1405) is calculated to be 1.25 − i0.27 fm
in the case of the AY potential.) Therefore, the Λ(1405)
component is considered to survive in the K−pp system,
as suggested in earlier studies [7, 9, 17].
The binding energy and decay width shown in Eq. (3)
indicate the genuine pole position of the “K−pp” res-
onance for the Hamiltonian (2) with the AY potential
because all channels are treated explicitly in the present
ccCSM calculation. Therefore, it is interesting to com-
pare the result of the present ccCSM calculation with
those of earlier studies. In most previous studies [7, 9, 11]
and in our study on the ccCSM+Feshbach method, three-
body calculation is carried out in the scheme of the K¯NN
channel using only effective K¯N potential, in which the
dynamics of the piY channels are incorporated indirectly.
TABLE III. Comparison with past calculations of the K−pp
system. In the column labeled “Method,” “CSM” repre-
sents ordinary CSM for a single-channel case and “ccCSM+F”
represents the ccCSM+Feshbach method [17]. In the col-
umn labeled “AY pot. type,” “Single” and “Coupled” denote
the single-channel [7] and coupled-channel [2] versions of the
AY potential [2]. “Ansatz” is used in the ccCSM+Feshbach
method to estimate the K¯N energy in K¯NN . (Refer to the
text.) “BK−pp” and “ΓpiY N/2” denote the binding energy
and half decay width of the K−pp system, respectively. They
are expressed in MeV.
Method AY pot. type Ansatz BK−pp ΓpiY N/2
CSM Single — 45 30
ccCSM+F Coupled Λ∗ fixed 45 29
Particle 46 27
Field 49 17
ccCSM Coupled — 51 16
In these truncated calculations, the derived effective po-
tential is energy dependent because of channel elimina-
tion, even though the original coupled-channel poten-
tial is energy independent. This energy dependence re-
quires self-consistency for the K¯N energy while solving
the Schro¨dinger equation. However, in principle, it is
impossible to uniquely determine the K¯N energy in the
K¯NN three-body system because subsystem energy is
not an eigenvalue of the total Hamiltonian. To esti-
mate the K¯N energy in the K¯NN system, two extreme
ansatzes were proposed in a previous study, which were
referred to as Field picture and Particle picture [9]. Us-
ing the binding energy, BK , of an antikaon, the K¯N en-
ergy, EKN , is estimated as EKN = −BK in Field pic-
ture and EKN = −BK/2 in Particle picture. (Details
are explained in Ref. [9].) According to the systematic
study of light kaonic nuclei using the stochastic varia-
tional method with effective K¯N potentials [20], the dis-
crepancy among the results obtained by employing the
two ansatzes increases with the mass of systems, partic-
ularly in the case of decay widths. Therefore, ambiguity
exists in single-channel calculations performed using ef-
fective K¯N potential.
Table III shows the binding energy and half decay
width of the “K−pp” system, which are calculated using
three methods based on the CSM with the AY potential
(single/coupled channel version). The first row shows the
result obtained using the CSM with the single-channel
version of the AY potential, which is tuned to reproduce
the Λ(1405) energy calculated using the coupled-channel
version of the AY potential. The results shown in the
second, third, and fourth rows are obtained using the
ccCSM+Feshbach method, in which three ansatzes are
employed for the estimation of the K¯N energy. In addi-
tion to the two previously mentioned ansatzes, another
ansatz (“Λ∗ fixed”) is examined, in which the K¯N energy
is equal to that of Λ(1405). The last row shows the result
5of the present ccCSM calculation. Among these calcula-
tions, the CSM with the single-channel potential and the
ccCSM+Feshbach method with the Λ∗-fixed ansatz are
conceptually equivalent. Actually, their results are in
good agreement with each other. Furthermore, the re-
sult obtained using ccCSM+Feshbach method with the
Particle-picture ansatz is similar to these two results.
Based on this, the Particle-picture ansatz is considered
to be almost equivalent to the Λ∗-fixed ansatz. On
the contrary, the result obtained using the Field-picture
ansatz is different from those mentioned above, particu-
larly for decay width. However, it is considerably close
to the result of the present ccCSM calculation, which
is a fully coupled-channel calculation. Based on these
comparisons, it can be concluded that Field picture is
better than Particle picture when effective K¯N potential
is used. Needless to say, it is best to carry out a fully
coupled-channel calculation, such as that performed in
this study.
Here, we comment further on the treatment of the K¯N
energy. A more sophisticated ansatz has been proposed
for it in an earlier study of K¯NN conducted using the
hyperspherical harmonics approach [11]. This ansatz is
considered to be an improved version of Particle picture.
The K¯N energy is estimated as EKN = −BK/2 − ∆,
in which ∆ represents a correction. When this improved
ansatz is employed in the ccCSM+Feshbach method, the
result is almost equal to that obtained using Field pic-
ture [21]. Therefore, even if we employ Particle picture,
considering its improvement, the result becomes equal
to that obtained using Field picture. This fact supports
Field picture rather than Particle picture, consistently
with the conclusion described in the previous paragraph.
Summary and future plan: We have developed a fully
coupled-channel complex scaling method (ccCSM) for
studying the most essential kaonic nucleus “K−pp”. The-
oretically, “K−pp” is regarded as a resonant state con-
sisting of the K¯NN -piΣN -piΛN coupled-channel sys-
tem. As the development of our previous study on the
ccCSM+Feshbach method, the K¯NN , piΣN , and piΛN
channels are treated explicitly in the present ccCSM cal-
culation. As the first trial, we have employed a phe-
nomenological K¯N potential (the AY potential). We
have clearly obtained the “K−pp” three-body resonance
pole. The resonance pole indicates that the binding en-
ergy is 51 MeV and the half width of the mesonic de-
cay mode is 16 MeV. The analysis of the ccCSM wave
function shows that the “K−pp” resonant state is appar-
ently dominated by the K¯NN component and involves
the piΣN component significantly. The mean distance
between two nucleons is smaller than the value of nor-
mal density by approximately 15%. Hence, we have con-
firmed that the “K−pp” system is a piece of a dense mat-
ter in the case of the AY potential, as suggested by ear-
lier studies. As compared to previous studies, the current
fully coupled-channel calculation provides a guideline on
using effective K¯N potentials. For the determination of
the K¯N energy in the total system, which is necessary in
single-channel calculations using effective K¯N potentials,
two ansatzes have been proposed in a previous study [9].
The present fully ccCSM calculation supports the Field-
picture ansatz rather than the Particle-picture ansatz.
Here, we emphasize that the present ccCSM calcula-
tion is the first calculation in which the “K−pp” three-
body resonant wave function is obtained completely.
This enables us to analyze the nature of the “K−pp”
resonant state in detail. The “K−pp” resonance pole
determined in the present calculation should be the gen-
uine pole for the Hamiltonian (2) involving the AY po-
tential. As the AY potential is energy independent, self-
consistency for the K¯N energy is not necessary when all
channels are treated explicitly. In the present case, by di-
agonalization of the complex-scaled Hamiltonian matrix,
the resonance pole should definitely be obtained.
In future, we will perform calculations using the fully
ccCSM with chiral SU(3)-based K¯N potential. This is
an energy-dependent potential, which is in contrast to
the AY potential. Many studies based on chiral dynam-
ics have suggested that Λ(1405) exhibits a double-pole
structure owing to the energy dependence of the po-
tential [1]. In addition, in our previous study on the
ccCSM+Feshbach method [22] and in an earlier study
on the Faddeev-AGS approach [10], it has been suggested
that the K−pp system might exhibit a double-pole struc-
ture similar to Λ(1405). As discussed in Ref. [21], based
on the ccCSM+Feshbach calculation, such double poles
of the K−pp system are related to the experimental re-
sults mentioned at the beginning of this article: DISTO
[12] and J-PARC E27 [13] collaborations observed a sig-
nal close to the piΣN threshold, while J-PARC E15 [14]
collaboration observed a signal close to the K¯NN thresh-
old. If these signals are regarded as the K−pp bound
state, the first two results indicate a deeply bound K−pp
state, while the third indicates a shallowly bound K−pp
state. One should recall the second run of the J-PARC
E15 experiment [15]. New data, which are currently be-
ing analyzed, would provide a definite conclusion about
the K−pp bound state, as an exclusive measurement has
been carried out with high statistics. When all chan-
nels are treated explicitly in the fully ccCSM calculation,
which is in contrast to our previous study [17], the dif-
ference between their nature can be determined, partic-
ularly the difference between their compositions. Such
detailed information about K−pp will provide insights
toward the understanding of the experimental results.
Furthermore, two-nucleon absorption (K¯NN → Y N),
which is not accounted for in the current study, should be
considered because it results in a large width of the non-
mesonic decay mode [23]. Spectrum calculation is impor-
tant for direct comparison with experimental results; this
calculation is performed in Ref. [24]. In addition, such a
study can be conducted using the fully ccCSM calcula-
tion with the completeness relation [16]. We expect that
the fully ccCSM calculation with chiral SU(3)-based and
AY K¯N potentials and experimental data will provide a
conclusive answer to this longstanding issue of the most
6essential kaonic nucleus, K−pp.
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